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j.2012.10Abstract Granulated blast-furnace slag (GBFS) is a by-product of the metallurgical industry and
consists mainly of lime and calcium–magnesium aluminosilicates that deﬁned as the glassy granular
material formed by rapid cooling of molten slag with excess water resulting in an amorphous struc-
ture. Alkali-activated slag (AAS) binders have taken a great interest from researchers due to its
manufacturing process which has important beneﬁts from the point of view of the lower energy
requirements and lower emission of greenhouse gases with respect to the manufacturing of Portland
cement. In this study, GBFS was replaced by 20, 40 and 60 wt.% of basalt activated by 6 wt.% of
alkali mixture composed of 1:1 sodium hydroxide (SH) and liquid sodium silicate (LSS) mixed with
sea water and cured in 100% relative humidity up to 90 days. The physic-chemical parameters were
studied by determination of setting time, combined water content, bulk density and compressive
strength. As the amount of basalt increases the setting time as well as compressive strength
decreases while the bulk density increases. The compressive strength values of dried pastes are
greater than those of saturated pastes. The hydrated products are identiﬁed by TGA/DTG analysis,
IR spectroscopy and scanning electron microscopy (SEM).
ª 2012 Housing and Building National Research Center. Production and hosting by Elsevier B.V.
All rights reserved.Introduction
Granulated blast-furnace slag (GBFS) is a nonmetallic, rapidly
chilled alumino-silicate material that separated from molten
iron in the blast-furnace. Granulated slag issues from the.com (H.A. Abdel Gawwad).
using and Building National
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g National Research Center. Produ
.002blast-furnace as a molten stream at temperatures 1400–500 C
from reaction of silica and alumina as acidic oxides with cal-
cium and magnesium as basic oxides to form slag in the pres-
ence of other oxides of iron, sodium, potassium and sulﬁdes
as minor components [1]. Slag forms shard-like particles that
are usually larger than cement grains. Rapid chilling with water
leads to formation of an amorphous or glassy phase in the slag.
The total glass content (which determines slag reactivity) can be
estimated from electron microprobe analysis (EMPA). The ki-
netic behaviour of alkali activated slag and its effect on the phy-
sic-mechanical properties of building materials have been
studied. The compressive strength and drying shrinkage of al-
kali-slag cement mortar was of normal-cured water glass-slagction and hosting by Elsevier B.V. All rights reserved.
Fig. 1 XRD pattern of water cooled slag.
Fig. 2 XRD pattern of basalt.
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pressive strength of blast-furnace slag activated with sodium
hydroxide is greater than that activated by sodium silicate.
Also, the C–S–H hydrate formed in the pastes activated with
NaOH has a higher structural order (higher crystallinity) and
contains more Al in its structure and a higher Ca/Si ratio than
those obtained with water glass [3]. On the other side, blast-fur-
nace slag activated with a mixture of sodium hydroxide and so-
dium silicate gives higher compressive strength than that
activated by sodium hydroxide or sodium silicate alone.
Experimental
Materials
The starting materials used in this investigation are GBFS pro-
vided by Iron and Steel Company, Helwan, Egypt and basalt
obtained from El-Wahat governorate, Egypt. NaOH was pro-
duced by SHIDOCompany with purity 99% and liquid sodium
silicate (LSS) consists of 32%SiO2 and 17%Na2O with silica
modulus (SiO2/Na2O) equal 1.88 and density 1.46 g/cm
3. The
chemical compositions of the starting materials are given in Ta-
ble 1. The results of chemical composition indicated that,
GBFS is mainly composed of basic oxides nearly equivalent
to acidic oxides that contained with basicity coefﬁcient
(CaO +MgO)/(SiO2 + Al2O3) of 0.90 and basalt is mainly
composed of acidic oxides with basicity coefﬁcient of 0.14.
The XRD patterns of GBFS and basalt are shown in Figs. 1
and 2. It is clear that GBFS is nearly completely vitreous with
an amorphous structure and basalt sample is completely crys-
talline composed mainly of Augiet (U) Plagioclase (P) and Oliv-
ine (O), Diopside ferrian (D) and low SiO2 Cristobalite (C).
Preparation of pastes
Granulated slag or granulated slag which was substituted by
equal amount of 20, 40 and 60 wt.% of basalt were placed
on a smooth, non absorbent surface, crater was formed in
the center and the activator dissolved in mixing water was
poured into the crater. The dry mixture was slightly troweled
over the remaining mixture to absorb the water for about
one minute. The mixing operation was then completed by con-
tinuous and vigorous mixing by means of ordinary gauging
troweled for about three minutes. The water to binder ratio
(w/b) was 0.26. The granulated slag or granulated slag/basalt
are activated with 1:1 SH:LSS of 6% by weight of granulated
slag. The fresh paste was placed in one inch cubic moulds and
strong manually pressed into the corner and along the surface
of the mould. After compaction of the top layer, the surface of
the paste was smoothed by thin edged trowel. The moulds were
cured in humidity for 24 h, then demoulded. The cubes were
cured in 100% relative humidity till the time of testing as 3,
7, 28 and 90 days. The combined water content was deter-
mined from the ignition loss of the dried paste at 800 C.
The compressive strength was determined according to ASTMTable 1 The chemical compositions of GBFS and basalt, wt.%.
Oxide SiO2 Al2O3 Fe2O3 CaO MgO
GBFS 37.81 13.14 0.23 38.70 7.11
BASALT 43.66 13.42 14.81 9.10 7.62speciﬁcation [4] and the bulk density was the determined by
Gennaro et al. [5]. For the investigation of IR spectroscopy,
the samples were prepared using alkali halide KBr pressed disk
technique as it gives a further reduction in stretching [6]. The
infrared spectra were recorded from KBr disks using Gensis
FT-IR spectrometer in the range 400–4000 cm1. The TGA
apparatus used in the present study was TGA-50 thermal ana-
lyzer (Schimadzu Co., Tokyo, Japan). A sample of about
50 mg (53 lm) was used. The heating rate in all samples
was adjusted at 20 C/min under dynamic nitrogen atmo-
sphere. The scanning electron microphotographs were con-
ducted with Inspect S (FEI Company, Holland) equipped
with an energy dispersive X-ray analyzer (EDAX).
Results and discussion
Setting time
The setting time of alkali activated granulated slag–basalt
pastes mixed with sea water is shown in Fig. 3. It is noted thatNa2O K2O SO3 TiO2 P2O5 L.O.1 Total
1.03 0.19 1.19 0.40 0.17 – 99.97
2.65 1.71 0.01 5. 14 0.33 1.45 99.90
Fig. 4 Combined water content versus curing time of activated
slag/basalt pastes mixed with sea water and cured in humidity.
172 H. El Didamony et al.the setting times of alkali activated slag replaced by 20 wt.% of
basalt are shorter than those of 100% GBFS. This is due to the
presence of high amount of iron oxide on basalt sample which
is shortens the setting times of the pastes. Also, the setting
times of 40 wt.% of basalt elongates followed by shortening
at 60 wt.% of basalt. This is due to that of 40 wt.% of basalt
crystalline phase of basalt increases in the mix and the reactiv-
ity decreases which leads to increase the setting times. How-
ever; the reactivity of 60 wt.% is less than that of 40 wt.% of
basalt the setting times decreases due to the higher effect of
iron oxide which predominates on the effect of crystallinity
character of basalt leading to shortening of the setting times.
Chemically combined water content
The chemically combined water contents of hardened activated
slag–basalt pastes mixed with sea water then cured in 100% rel-
ative humidity at room temperature from 3 up to 90 days are
graphically represented in Fig 4. It is seen that the chemically
combined water content increases for all mixes with curing time
due to continuous activation of AAS/basalt up to 90 days. Also
it is shown that the combined water contents of mix 80%WCS
and 20% basalt are greater than those of 100% GBFS. This is
due to that basalt contained high amount of iron oxide which
dissolves from basalt containing signiﬁcant levels of network-
forming Fe3+ under slightly alkaline conditions and precipi-
tates Fe(OH)3. This is then likely to have a similar effect of pre-
cipitation of Ca(OH)2, removing OH
 ions from the solution
phase [7] which increases the combined water content. On the
other hand, the combined water contents of AAS/basalt pastes
containing 40% and 60% basalt are lower than those of the
pure AAS; this is due to the high crystallinity of basalt which
leads to a decrease rate of the hydration reaction with the for-
mation geopolymer as well as hydration products.
Thermo-gravimetric analysis
Fig. 5 illustrates TGA and DTG curves obtained from the
paste made of 80% granulated slag and 20% basalt activated
with (1:1 SH:LSS) mixed with seawater then cured in humidity
for 3 and 90 days. The TGA shows that the weight loss at
90 days is greater than that at 3 days. The endothermic peaks
at 72–120 C are due to the loss of free water and degradation
of CSH from hydrated cement matrix [8]. The peak located atFig. 3 Setting times of alkali activated slag–basalt pastes.325 C is due to decomposition of calcium aluminate and alu-
minosilicate hydrated products (CAH and CASH) [9]. The
endothermic peak at 427 C is due to the decomposition of
Ca(OH)2, endothermic peaks at 555–674 C are due to decom-
position of calcium carbonate and hydrated aluminates and
the ﬁnal stage of C–S–H [10]. Also, the endothermic peaks
from 550–960 are related to decomposition of different forms
of carbonates.
Fig. 6 shows TGA and DTG of AAS/basalt (80/20, 60/40
and 40/60) pastes activated by (1:1 SH:LSS) then mixed with
seawater and cured in humidity at 90 days. The weight loss
of AAS/basalt (80/20) is greater than that (40/60) pastes due
to high activity and hydration rate as well as the formation
of hydration products of GBFS than that of basalt. On the
other hand, DTG shows that, the decomposition of Ca(OH)2
and CaCO3 decreases with increasing amount of basalt due
to the low calcium content in basalt which leads to decrease
the carbonation.
Fig. 7 shows TGA and DTG curves of pure GBFS and
AAS/basalt (80/20) paste activated by (1:1 SH:LSS) mixed
with seawater then cured in humidity at room temperatureFig. 5 TGA and DTG of GBFS/basalt (80/20) paste after 3 and
90 days.
Fig. 6 TGA and DTG of GBFS/basalt (80/20, 60/40 and 40/60)
after 3and 90 days.
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vated slag is lower than that paste made of AAS/basalt (80/
20). This is due to the formation of Ca(OH)2 in case of
AAS/basalt (80/20) which leads to increase of combined water
content. The increase of Ca(OH)2 at 20% basalt may be due to
the nucleating effect of basalt which increases the rate of
hydration as a measure of Ca(OH)2 content. On the other
hand, 100% hardened activated slag paste has higher amount
of CSH which leads to the formation of the exothermic peak at
845 C that related to recrystallization of b-wollastonite [11].
IR spectroscopy
The strongest absorbant bands located at 1094, 800, 470, cm1
characteristic of the four co-ordinate silica and the ﬁrst two
bands attributed to the symmetric stretching, are shifted to low-
er frequency. The lower frequency shift in these bands arises
from the increasing contribution made by Si–O–Al linkage
[12]. Crystalline forms of silica and crystobalite with strong
absorption band at 1200 and 800 cm1 arising from silicon oxy-
gen fundamental, two form of bonding Si–O bond or siloxan
group, and Si–OH bond or silanol group. Si–O bond gives aFig. 7 TGA and DTG of pure GBFS and GBFS/basalt (80/20)
paste hydrated for 90 days.characteristic band due to bending vibration at 400–500 cm1
and stretching vibration band between 800 and 1000 cm1.
The silica tetrahedral connected to form chains or more compli-
cated structure, occurs mainly at absorption bands at 470, 600,
810, 1100 cm1. The absorption bands at 1635 and 3460 cm1
are the result of water molecules that adsorbed on the silica
forms [13].
Fig. 8 presents the FTIR-spectra of AAS/ basalt (80/20)
activated by (1:1 SH and LSS) and mixed with seawater then
cured in humidity at room temperature for 3 and 90 days.
The intensity of absorption bands at 453, 671, 979 cm1 are re-
lated to O–Si–O bonds bending vibration, symmetric stretch-
ing vibrations of the Si–O–Si(Al) bridges and anti symmetric
Si(Al)–O stretching vibrations at 90 days are greater than
absorption bands at 459, 673 and 978 cm1 which related to
the same functional group at 3 days, due to the increase in
the formation of geopolymer from 3 up to 90 days. Also, these
bands are shifted to lower wave number from 3 up to 90 days
due to the increase of crystallinity with curing time. On the
other hand, the intensity of absorption bands at 1646 and
1651 cm1 are related to bending H–O–H vibration and bands
at 3450–3480 cm1 related to stretching of O–H group increase
due to the increase of hydrated products from 3 up to 90 days.
The smaller absorption bands at 143–1487 cm1 are mainly
due to carbonation from the atmosphere.
Fig. 9 shows the FTIR-spectra of GBFS/basalt (80/20, 60/
40, 40/60) pastes activated by (1:1 SH and LSS) and mixed with
seawater then cured in humidity at room temperature for
90 days. The absorption bands at 428–453 cm1 are related to
O–Si–O bonds bending vibration; the intensity decrease with
increasing amount of basalt. Also, the absorption band at
671 cm1 which related to symmetric stretching vibrations of
the Si–O–Si(Al) bridges, is disappeared in case of the paste of
GBFS/basalt (40/60). This is attributed to the low activation
of basalt in comparison with that of GBFS. The intensity of
strong absorption band at 979–1007 cm1 which related to anti
symmetric Si(Al)–O stretching vibrations increasing with the
decrease of the amount of basalt due to the low geopolymeriza-
tion rate of basalt in comparison with GBFS. On the other
hand, the intensity of absorption bands at 1648–1651 cm1 that
related to bending H–O–H vibration and bands at 3460–
3480 cm1 that related to stretching of O–H group increasing
with decrease the amount of basalt due to the low Ca2+ contentFig. 8 FTIR-spectra of AAS/ basalt (80/20) paste hydrated for 3
and 90 days.
Fig. 9 FTIR-spectra of GBFS/basalt (80/20, 60/40 and 40/60)
pastes hydrated for 90 days.
174 H. El Didamony et al.in basalt which leads to formation of smaller hydration prod-
ucts as C–S–H, C–A–H and C–A–S–H. The intensity of the
smaller absorption bands at 1434–1513 cm1 which related to
carbonate, decreases with increasing amount of basalt which
contained lower Ca content.
Fig. 10 illustrates FTIR-spectra of GBFS and GBFS/basalt
(80/20) pastes activated by (1:1 SH:LSS) mixed with seawater
then cured in humidity at room temperature for 90 days. It is
clear that ﬁnal wide at half maximum (FWHM) of AAS is
greater than of GBFS/basalt (80/20). This is due to that basalt
is more crystalline and less active than GBFS which leads to the
retardation of hydration rate as well as pozzolanic and geo-
polymeric reactions. Also, the carbonation extent of hydrates
decreases in case GBFS/basalt (80/20) paste than that of AAS
paste, due to that the decrease of Ca2+ content with addition
of basalt.
Scanning electron microscopy (SEM)
The scanning electron micrographs of the hardened neat
GBFS and blended GBFS/basalt pastes activated with (1:1
SH:LSS) then mixed with seawater and cured at 100% relative
humidity for 90 days are shown in Fig. 11A–C. It is clear from
SEM observation that the micro-cracks appeared in GBFS/ba-
salt mixes ( Fig 11B and C) increases with increasing theFig. 10 FTIR- spectra of pure GBFS and GBFS/basalt (80/20)
pastes hydrated for 90 days.amount of basalt. This is due to that basalt contain high
amount of Fe+3 which reprecipitate in the alkaline medium
as Fe(OH)3 [7] causing expansion of the pastes and, therefore,
the micro-cracks appeared. On the other hand, as the amount
of basalt increases the geopolymerization and hydration reac-
tion rate decrease due to low activity of basalt in comparison
with granulated slag. It is clear also that, SEM micrograph
of neat GBFS Fig. 11A is higher ordered with a more compact
structure than the micrograph of GBFS/basalt pastes Fig. 11B
and C without appearance of any micro-cracks; this is due to
that GBFS contains low amount of Fe3+ in Table 1.
Bulk density
The bulk density of the hardened activated GBFS/basalt
pastes mixed with seawater then cured at 100% humidity from
3 up to 90 days is graphically represented in Fig 12. It is clear
that the bulk density increases with curing time up to 90 days
for all of the hardened pastes due to the continuous activation
and formation hydration products which precipitated in some
of the open pores that lead to an increase in bulk density of ce-
ment pastes. As the amount of basalt increases, the bulk den-
sity is accordingly increased; as a result which is mainly due to
the high speciﬁc gravity of basalt in comparison with that of
granulated slag.
Compressive strength
The compressive strength values of saturated hardened GBFS/
basalt mixed with seawater and cured in humidity chamber at
room temperature up to 90 days are graphically represented in
Fig. 13. It was found that the compressive of all mixes in-
creases with the increase of curing time. The mix 40 wt.%Fig. 11 SEM micrographs of: (A) GBFS paste (B) GBFS/basalt
(80/20) and (C) GBFS/basalt (40/60) pastes activated with (1:1
SH:LSS) and mixed with seawater at 90 days.
Fig. 12 Bulk density of hardened activated granulated slag/
basalt pastes versus curing time.
Fig. 14 Compressive strength alkali activated slag/basalt pastes
saturated or dried mixed with seawater and cured in humidity with
curing time.
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compressive strength due to that, basalt is an aluminosilicate
material which has low Ca2+ species. This Ca2+ species are
responsible for compressive strength of the paste (the Ca2+
species react with Al3+ and Si4+ forming hydrated products
such as CSH, CAH and CASH). On the other hand, as the
amount of basalt increases the amount of Fe3+ increases
which react with OH- of alkaline medium and precipitate as
Fe(OH)3 leading to a decrease in the alkalinity of the medium
and, therefore, decrease in the activation as well as compres-
sive strength [7]. The compressive strength values are in agree-
ment with SEM observations.
Effect of drying on the compressive strength
It is clear from Fig. 14 that, the compressive strength values of
dried specimens (at 105 C for 24 h) are higher than those of
the specimens without drying. This is due to that drying at
105 C accelerates the geopolymirization and the rate of hydra-
tion. Also, the temperature enhances the early reactivity as well
as the compressive strength and C–S–H gel transforms into the
crystallized form. In other words, the compressive strength of
dried specimens is greater than that tested at room tempera-Fig. 13 Compressive strength of hardened activated granulated
slag/basalt pastes versus curing time.ture due to that the dissolution of Si4+, Al3+ and Ca2+ ions
increased with increasing temperature and, therefore, the poz-
zolanic and geopolymeric reaction rates increase which a leads
to an increase in the compressive strength of the pastes [14]. On
the other hand, the compressive strength of the pastes contain-
ing 20%, 40% and 60% basalt increases sharply from 28 up to
90 days. This may be due to that high reactivity of basalt at la-
ter ages and consequent increase of the compressive strength.Conclusions
As amount of basalt increases the setting time and compressive
strength decrease but bulk density increases. The combined
water contents of GBFS/basalt mix (80/20) are greater than
those of pure GBFS and GBFS/basalt (60/40) and (40/60).
High speciﬁc gravity of basalt comparing with GBFS leads
to higher bulk density values for GBFS/basalt mixes. The com-
pressive strength values of activated pastes that dried at 105 C
for 24 h are greater than those of the saturated pastes. As the
amount of basalt increases the amounts of iron increases caus-
ing micro-crack formation in the paste and, therefore, decrease
in the compressive strength. Basalt is characterized by high
crystallinity and low activity than that of GBFS.References
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